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Silenced Chromatin Is Permissive to Activator
Binding and PIC Recruitment
best understood for HMR and HML, which contain donor
copies of the a and a genes, responsible for cell identity.
The HM loci are maintained in a transcriptionally inactive
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state by flanking cis-acting elements, termed E and I,Shreveport, Louisiana 71130
disposed respectively to the left and right of each silent
locus. These silencers are located z1 kb from the pro-
moters they regulate, and consist of combinations ofSummary
binding sites for three sequence-specific proteins,
RAP1, ABF1, and ORC (origin replication complex); theChromatin is thought to repress transcription by lim-
most potent silencer, HMRE, harbors binding sites foriting access of the DNA to transcription factors. Using a
all three (reviewed in Loo and Rine, 1995; Lustig, 1998).yeast heat shock gene flanked by mating-type silencers
Similar to enhancers, silencers are able to work in aas a model system, we find that repressive, SIR-gener-
position- and orientation-independent fashion, as wellated heterochromatin is permissive to the constitutive
as in other chromosomal contexts (see Sekinger andbinding of an activator, HSF, and two components of
Gross, 1999 and references therein). The Silent Informa-the preinitiation complex (PIC), TBP and Pol II. These
tion Regulatory (Sir) complex, composed of Sir2p, Sir3p,factors cohabitate the promoter with Sir silencing pro-
and Sir4p (Strahl-Bolsinger et al., 1997), is recruited toteins and deacetylated nucleosomal histones. The het-
each silencer through protein-protein interactions. Re-erochromatic HMRa1 promoter is also occupied by
cruitment is mediated by Sir1p (Chien et al., 1993), whichTBP and Pol II, suggesting that SIR regulates gene
binds directly to both Orc1p and Sir4p (Triolo andexpression not by restricting factor access to DNA but
Sternglanz, 1996). Interaction of Sir3p and Sir4p withrather by blocking a step downstream of PIC recruit-
RAP1 has also been demonstrated (Moretti et al., 1994;ment. Interestingly, activation of silent promoter chro-
Cockell et al., 1995), while the role of ABF1 is less wellmatin occurs in the absence of histone displacement
understood. Once recruited, the Sir protein complex isand without change in histone acetylation state.
thought to propagate along nucleosomes by binding the
hypoacetylated N-terminal tails of histones H3 and H4Introduction
(Braunstein et al., 1993), which engage in direct contacts
with Sir3p and Sir4p (Hecht et al., 1995).Transcription of genes occurs within the context of chro-
The mechanism by which SIR-catalyzed heterochro-matin, which is thought to exert its regulatory role by
matin represses transcription is unknown. The histoneimpeding the access of proteins to DNA. The binding
hypoacetylation pattern, a possible consequence of theof gene-specific activator and repressor proteins, of
NAD-dependent histone deacetylase activity of Sir2pgeneral transcription factors (GTFs), and of RNA poly-
(reviewed in Guarente, 2000), is consistent with the pres-merase can be strongly inhibited by the presence of
ence of a compact nucleosomal array (Luger et al., 1997).nucleosomes (reviewed in Kornberg and Lorch, 1999).
In addition, chromatin mapping of the HM loci suggestsOf particular significance is the inability of the TATA
the presence of highly organized domains comprisedbinding protein (TBP) to bind nucleosomal DNA (Imbal-
of closely packed pairs of nucleosomes (Weiss andzano et al., 1994; Godde et al., 1995), for this implies that
Simpson, 1998; Ravindra et al., 1999). An appealing no-the basic transcriptional machinery (whose assembly is
tion, therefore, is that SIR instigates a structure whichnucleated by TBP) is excluded from a core promoter that
sterically hinders the access of regulatory factors and
is assembled into a nucleosome. There is considerable
GTFs to promoter DNA, thereby impairing transcription.
evidence that repressive, higher-order chromatin struc-
In support of this idea is evidence that silenced chroma-
tures must unfold, and nucleosomal cores be remod- tin is inaccessible to restriction endonucleases in vitro
eled, in order for transcriptional activation to take place. (Loo and Rine, 1994; de Bruin et al., 2000) and the site-
Certain activators may in fact work predominantly specific HO endonuclease in vivo (Nasmyth, 1982; Weiss
through their ability to disrupt nucleosome cores posi- and Simpson, 1998). SIR-dependent chromatin is also
tioned over gene promoters (Chasman et al., 1990; Yu refractory to DNA repair enzymes, as well as ectopically
and Morse, 1999). expressed dam methyltransferase, both at HM and telo-
Heterochromatin is a specialized form of chromatin meric loci (reviewed in Loo and Rine, 1995). Yet, silenced
that remains condensed throughout the cell cycle. Al- chromatin at the HM loci is fully permissive to the binding
though the yeast Saccharomyces cerevisiae does not of other sequence-specific proteins. These include en-
possess heterochromatin at the cytological level, it har- zymes that mediate homologous recombination, site-
bors three classes of genetic loci at which Pol II and specific recombination, and retrotransposon integration
Pol III genes are transcriptionally repressed: the silent (e.g., Holmes and Broach, 1996; Zou et al., 1996; Cheng
mating-type cassettes HMR and HML, the telomeres, et al., 1998). These latter observations raise the possibil-
and the ribosomal DNA (rDNA) repeats (reviewed in Lus- ity that yeast heterochromatin may act in a manner dis-
tig, 1998; Guarente, 2000). The cis-acting elements re- tinct from strict steric interference.
sponsible for establishing heterochromatin in yeast are Here we use chromatin immunoprecipitation (ChIP) to
investigate the identity of proteins associated with the
SIR-regulated HSP82 heat shock promoter. In previous1Correspondence: dgross@lsuhsc.edu
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work, we found that HSP82 could be brought under SIR ished (Figure 1A, lane 4), consistent with previous in
vivo footprinting analyses. Likewise, abundance of tworegulation by targeting HMRE silencers to the gene’s
chromosomal locus (Lee and Gross, 1993; Sekinger and key PIC components, TBP and Pol II, is drastically re-
duced at hsp82-DHSE1 (Figures 1B, lane 9 and 1C, laneGross, 1999). Efficient SIR-dependent silencing of
HSP82 is accompanied by a dramatic reconfiguring of 5), closely paralleling the drop in HSP82 transcript levels
(Figure 1A, lower panel, lane 3). TBP and Pol II are alsoits promoter chromatin structure, as the constitutive
DNase I hypersensitive region is replaced by two novel, absent from the quiescent PHO5 promoter, yet they
are readily detected at the transcriptionally competentnucleosome-like structures. Interestingly, DNA foot-
prints mapping to the UAS and TATA regions persist, HSC82 and ACT1 promoters. (HMRa1 is discussed be-
low.) Following heat shock, there is a significant increasealthough are altered from the wild-type state (Sekinger
and Gross, 1999). We show here that essentially normal in abundance of HSF, TBP, and Pol II at the hsp82-
DHSE1 promoter (Figures 1A, lane 5; 1B, lane 10; andlevels of the gene-specific activator, heat shock factor
(HSF), and two components of the general transcrip- 1C, lane 6), correlating with its increased transcription.
We conclude that the ChIP assay provides a highly sen-tional machinery, TBP and Pol II, remain associated with
HMRE/HSP82, despite a 100-fold reduction in transcrip- sitive measure of factor binding in vivo.
To test whether SIR inhibits the binding of either HSFtion and assembly of the promoter into a complex con-
taining SIR silencing proteins and hypoacetylated his- or TBP, isogenic sir4D and SIR1 strains bearing hsp82-
2001, an hsp82 allele bracketed 59 and 39 with HMREtones. The silenced HMRa1 promoter, similarly assembled
into a repressive chromatin structure, is also occupied silencer elements, were processed for ChIP analysis.
The sir4D and SIR1 genetic backgrounds allowed usby both TBP and Pol II. Our data suggest that contrary
to current models, SIR-generated heterochromatin re- to directly compare euchromatic and heterochromatic
states of the promoter. While SIR represses basal tran-presses transcription principally at a step subsequent
to both activator binding and PIC formation. scription of the HMRE/HSP82 gene 100-fold (Figure 2B
lower panel, lane 2), the amount of HSF and TBP binding
to its promoter is only slightly diminished (Figures 2A,Results
lanes 4 and 6; and 2B). Therefore, in marked contrast
to the inactivated hsp82-DHSE1 promoter, both HSFThe Heterochromatic HSP82 Promoter
and TBP remain constitutively associated with the het-Is Permissive to Constitutive Binding
erochromatic HMRE/HSP82 promoter.by HSF and TBP
To identify proteins associated with the HSP82 promoter
in vivo, we used antibodies directed against transcrip- SIR-Regulated Chromatin Restricts Heat
Shock-Inducible Binding of HSF and TBPtion factors and chromatin components in ChIP assays.
We first asked whether HSF, a key activator of both To test whether SIR inhibits inducible factor binding,
ChIP analysis was carried out on heat-shocked cells.basal and induced HSP82 transcription (McDaniel et al.,
1989), is present. DNA footprinting has shown that at As seen above for HSP821, abundance of both HSF
and TBP increases at the euchromatic HMRE/HSP82the wild-type (WT) promoter, the proximal heat shock
element, HSE1, is constitutively occupied while two ad- promoter following heat shock (Figure 2A, lane 7 versus
3 and lane 9 versus 5). This enhanced binding correlatesjacent and lower affinity sites, HSEs 2 and 3, are induci-
bly occupied (Gross et al., 1990; Giardina and Lis, 1995). with a 19-fold increase in transcription, and in the case
of increased TBP occupancy, is consistent with previousIn contrast, heat shock elements at hsp82-DHSE1, a
mutant allele lacking the high-affinity HSF site, are not findings (Kuras and Struhl, 1999; Li et al., 1999). By
contrast, in the SIR1 strain, there is virtually no increasedetectably occupied 6 heat shock (Gross et al., 1993;
Venturi et al., 2000). To evaluate the sensitivity and spec- in the occupancy of either factor following heat shock
(Figure 2A, lane 8 versus 4 and lane 10 versus 6). Thus,ificity of ChIP, we crosslinked WT and hsp82-DHSE1
cells with formaldehyde. Sonicated, soluble chromatin SIR inhibits the inducible binding of both HSF and TBP
despite a 400-fold induction of transcription (Figure 2B,of an average size of 0.4–1.0 kb was then immunoprecip-
itated with an HSF antibody and the amount of HSP82 lane 4).
When cells are allowed to recover from heat shock,promoter DNA present in the pellet determined by quan-
titative PCR. HSP82 transcription is drastically downregulated. Ac-
companying this is a weakening of protein-DNA interac-As shown in Figure 1A, the HSP821 promoter is effi-
ciently immunoprecipitated with HSF antibody, and its tions at both UAS and TATA elements, as assessed by
KMnO4 and DMS in vivo footprinting (Giardina and Lis,abundance increases 2-fold upon heat shock. This ChIP
is specific since preimmune serum fails to immunopre- 1995). To test whether there is a concomitant reduction
of HSF and TBP binding at hsp82-2001 upon recovery,cipitate HSP82-containing chromatin (Figure 2A) and the
HSF antibody fails to immunoprecipitate the inactive samples were processed for ChIP as above. At the eu-
chromatic promoter, the mean level of TBP is reducedPHO5 promoter. However, it efficiently immunoprecipi-
tates the HSC82 promoter, whose HSF binding site is z40% relative to the heat-shocked state, although HSF
levels are not significantly affected (Figure 2B). In theconstitutively occupied in vivo (Erkine et al., 1996). Nor-
malizing to the input signal, it can be estimated that heterochromatic state, despite an 80-fold drop in tran-
script level, there is neither loss of HSF nor of TBP. SIRunder basal conditions, the abundance of HSF is roughly
equivalent at the two heat shock genes, and nearly 100- therefore restricts dynamic protein-DNA interactions at
HSP82, as both the binding and release of sequence-fold higher than at PHO5. In contrast, HSF binding to
the noninduced hsp82-DHSE1 promoter is virtually abol- specific factors are inhibited.
Heterochromatin Is Permissive to PIC Recruitment
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Figure 1. Deletion of the UAS Obviates Binding of HSF, TBP, and Pol II to the Euchromatic hsp82 Promoter
(A) In vivo crosslinking analysis of isogenic HSP821 and hsp82-DHSE1 strains (SLY101 and KEY102, respectively) under non-heat shock (308C)
and heat shock (398C for 20 min) conditions. Cells were crosslinked, converted to spheroplasts, lysed with glass beads, and sonicated. Soluble
chromatin fragments were then immunoprecipitated with HSF antibody, crosslinks reversed, and purified DNA subjected to quantitative
multiplex PCR in the presence of [a-32P]dATP using promoter-specific primers (lanes 2–5). Input template, derived from the WT strain, was
amplified similarly (lane 1). Enhanced relative mobility of the hsp82-DHSE1 fragment (lane 5) is due to a 32 bp UAS deletion (Gross et al.,
1993). Presented below each IP lane is a Northern analysis of the same sample with HSP82 transcript levels, normalized to ACT1, indicated.
(B) As in (A), except chromatin was immunoprecipitated using TBP antibody. Input samples represent 5-fold serial dilutions (0.000066%,
0.00033%, and 0.0017% of chromatin used in each IP), demonstrating linearity of the PCR (mean signal intensity in lanes 2 and 5 is 5.0-fold
greater than in lanes 1 and 4 and 29% that of lanes 3 and 6).
(C) As in (A), except chromatin was immunoprecipitated with monoclonal antibody 8WG16 specific to the hypophosphorylated CTD of Pol II.
Sir2p and Sir3p Are Associated with the HMRE/ Sir complex correlates with the efficiency of silencing. It
has been previously shown that when Sir3p is overex-HSP82 Promoter and Their Abundance
Correlates with Silencing Efficiency pressed, silencing can spread from telomeric regions
into the adjacent chromatin (Renauld et al., 1993); thisWe next investigated whether Sir-silencing proteins also
occupy the hyperrepressed promoter. ChIPs were per- expansion is paralleled by a physical spread of Sir3p
along the chromosomal fiber (Hecht et al., 1996). In ourformed on hsp82-2001 cells using antibodies to Sir2p
and Sir3p. As shown in Figure 3A, Sir3p is associated previous work, we found that an hsp82 allele bearing two
tandem 59 silencers (hsp82-201) is only weakly silenced,with the silenced HSP82 promoter, and at levels compa-
rable to those seen at the silent HMRa1 gene; this asso- whereas an allele with the same number of silencers, but
bracketing the gene (hsp82-1001), is strongly silencedciation is not detectable in a sir4D background for either
promoter. Moreover, despite a 400-fold increase in tran- (Sekinger and Gross, 1999). Silencing efficiency is fur-
ther increased by increasing dosage (e.g., hsp82-2001).scription, Sir3p association with HSP82 sequence is only
slightly diminished. Very similar results are seen with To explore the molecular basis for this configuration
and dosage dependence, we assayed the abundanceSir2p (see below). The absence of Sir2p and Sir3p at
HMRE-regulated genes in a sir4D background is consis- of Sir2p and Sir3p at four hsp82 alleles bearing different
doses and arrangements of HMRE elements. As showntent with previous studies indicating that the Sir complex
is comprised of Sir2p, Sir3p, and Sir4p, and that the in Figure 3B, Sir2p is absent from the HSP821 promoter,
but is readily detectable at each HMRE/HSP82 pro-integrity and recruitment of the complex depends on
the presence of all three proteins (Hecht et al., 1996; moter. Remarkably, there exists a nearly linear relation-
ship between the abundance of Sir2p/Sir3p and nonin-Strahl-Bolsinger et al., 1997).
An intriguing question is whether the abundance of the duced HSP82 RNA levels (Figure 3C, solid line). This
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Figure 2. SIR-Induced Heterochromatin Is
Permissive to the Constitutive Binding of HSF
and TBP to HMRE/HSP82
(A) Abundance of HSF and TBP at the PHO5,
hsp82-2001, and HSC82 promoters in sir4D
(2) and SIR1 (1) strains under non-heat
shock (NHS) and heat shock (HS) conditions
as determined by ChIP. Lane 1, input; lanes
2–10, IP.
(B) Summary of HSF and TBP occupancy data
for hsp82-2001. Bars represent means 6
SEM for three or four independent experi-
ments. A representative Northern analysis of
samples used for ChIP is shown below. Rec,
recovery (398C to 308C downshift for 17 min).
suggests that under noninducing conditions, Sir pro- would be heritable for a number of generations. This
type of regulation is characteristic of yeast telomereteins act in a stoichiometric fashion to elicit silencing.
Under inducing conditions, the relationship between Sir position effect (Gottschling et al., 1990), and has also
been observed at the HM loci under conditions in whichabundance and repression is more complex and may
involve cooperative interactions between Sir com- the efficiency of silencing has been compromised (Pillus
and Rine, 1989; Sussel et al., 1993). Evidence of alterna-plexes, as suggested by the sigmoidal curve (dashed
line). Interestingly, there is a reduction in the abundance tive transcriptional states would argue for the existence
of alternative chromatin structures at the HSP82 pro-of Sir2p/Sir3p following heat shock at each allele. This
displacement is most pronounced at the di-silencer al- moter.
To conduct this test, we fused the hsp82-2001 pro-leles hsp82-201 and hsp82-1001. Thus, the stability of
the heterochromatic complex, like its repressive activity, moter to the URA3 open reading frame, preserving the
location of the silencers with respect to the promoter.is dependent on the arrangement and dosage of silencer
elements. Since the strain used is ura3-1, the sole source of oroti-
dine-59-phosphate decarboxylase, essential for uracil
biosynthesis, is under control of the SIR-regulatedSIR Repression of HSP82 Is Uniform
throughout the Cell Population HSP82 promoter. Here, the SIR1 genotype was con-
ferred by a SIR4-TRP1 centromeric vector (pSS2). AsThe association of both activators and silencing proteins
with the hyperrepressed promoter suggests, but does expected, cells transformed with either pSS2 or an
empty TRP1-CEN vector alone grew well on syntheticnot prove, that these classes of proteins coexist within
heterochromatin. To provide further evidence for co- growth medium lacking tryptophan, while only the sir4D
strain was capable of robust growth on synthetic 2Trp,occupancy, we asked whether expression of HMRE/
HSP82 is uniform throughout the population, where all 2Ura medium (Figure 4). The SIR1 strain grew extremely
poorly on medium lacking uracil. Importantly, while therecells would be subjected to strong (but not complete)
repression. Such a uniform transcriptional state would is some growth (consistent with detectable transcript in
the noninduced hsp82-2001/SIR1 strain), no revertantsbe consistent with activator-repressor co-occupancy.
Alternatively, if hsp82-2001 is subject to epigenetic reg- were seen in four independent experiments (z1500 col-
onies scored). Thus, the expression of SIR-silencedulation, the 100-fold reduction in transcript levels could
be a consequence of full silencing of HSP82 in 99% of hsp82-URA3 is uniformly low and shows no tendency
to switch to the highly expressed HSP821 state. Thiscells, with 1% escaping SIR regulation and expressing
a normal level of HSP82 transcript. These expression finding is consistent with co-occupancy of HSF and TBP
with silencing proteins at the hyperrepressed promoter.states would be predicted to be metastable, and as such
Heterochromatin Is Permissive to PIC Recruitment
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Figure 3. Silencing of HSP82 Positively Correlates with the Abundance of Sir Proteins at Its Promoter
(A) Abundance of Sir3p at PHO5, hsp82-2001, HSC82, ACT1, and HMRa1 promoters in sir4D and SIR1 strains as determined by ChIP. Depicted
below is an RNA analysis of the same samples.
(B) Sir2p occupancy at hsp82 alleles with differing dosages and arrangements of ectopic silencers (arrows): lanes 3 and 4, HSP821; lanes 5
and 6, hsp82-201; lanes 7 and 8, hsp82-1001; lanes 9 and 10, hsp82-2001. Input and sir4D control templates (lanes 1 and 2) and RNA (lane
2) were purified from the hsp82-2001 strain.
(C) Abundance of Sir2p/Sir3p at four different hsp82 alleles as a function of noninduced and induced transcript levels. Occupancy data are
internally normalized to HMRa1. Data points represent the means of at least three independent experiments 6 SEM. Error bars reflect both
RNA (y axis) and Sir protein (x axis) levels.
The SIR-Regulated HSP82 Promoter Is Assembled moters, including that of PHO5, whose nucleosomal
structure is well characterized (reviewed in Svaren andinto a Specialized Chromatin Structure
whose Acetylation State Remains Horz, 1997). The results reveal the presence of a hetero-
chromatin-specific acetylation profile at SIR-repressedConstant during Gene Activation
Considerable evidence indicates that local hypoacetyla- HSP82, paralleling that seen at HMRa1 (Figure 5B). No
such alteration is found at any of the SIR-independenttion of nucleosomal histones is correlated with reduced
levels of transcription (reviewed in Struhl, 1998). To in- promoters (Figure 5A), as expected. Following heat
shock, histones are no longer crosslinked to the hsp82-vestigate whether SIR-regulated HSP82 is similarly as-
sociated with hypoacetylated histones, cells bearing the 2001 promoter in sir4D cells and may be displaced,
paralleling their behavior at HSP821, HSC82, and a num-hsp82-2001 gene were processed for ChIP analysis us-
ing antibodies to unacetylated histone H3 and tetra- ber of other natural heat shock promoters (Figure 5A
and data not shown). During the 17 min recovery, bothacetylated histone H4. The abundance of these isoforms
was compared to their abundance at several other pro- H3 and H4 reassociate with the promoter, and their
Cell
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Figure 4. Silencing of the Hyperrepressed
HSP82 Promoter Is Uniform throughout the
Cell Population
Cells bearing hsp82-u2001, an hsp82::URA3
derivative of hsp82-2001, and transformed
with either pRS314 (TRP1-CEN) (sir4D) or
pSS2 (SIR4-TRP1-CEN) (SIR1) were plated on
synthetic complete media lacking either tryp-
tophan (2Trp) or both tryptophan and uracil
(2Trp, 2Ura) and incubated at 308C for 72 hr.
abundance is inversely correlated with transcript levels sequences. The former is associated primarily with the
recruitment-competent, hypophosphorylated Pol IIa,(Figure 5B). SIR restricts this dynamic behavior: there
is virtually no change in the relative abundance of either while the latter is principally associated with elonga-
tionally competent, hyperphosphorylated Pol IIo (re-histone isoform following either induction or recovery,
despite a 400-fold increase or an 80-fold decrease in viewed in Hengartner et al., 1998). The Pol IIoser2-reactive
isoform is of particular interest since Pol II is highlytranscript levels, respectively. Thus, the nucleoprotein
architecture at SIR-repressed HSP82, in marked con- phosphorylated at serine 2 in heat-shocked cells (Pattur-
ajan et al., 1998). As shown in Figure 6, both isoformstrast to the euchromatic gene, is static.
of Pol II are associated with the nonrepressed promoter
(sir4D) and their local concentration increases approxi-Both Recruitment- and Elongation-Competent
Forms of RNA Polymerase II Are Associated mately one order of magnitude following a 30 min heat
shock. During recovery, their levels significantly dimin-with the Hyperrepressed Promoter
The presence of HSF and TBP at the SIR-repressed ish. Thus, Pol II abundance at the euchromatic promoter
parallels both HSP82 transcript levels and TBP occu-promoter raises the possibility that RNA polymerase II
is also present, but blocked at a step subsequent to pancy (see Figures 1 and 2).
SIR confounds the correlation between transcriptionits recruitment. Elongationally paused Pol II has been
inferred for a number of euchromatic genes, including and abundance of Pol IIa and Pol IIo. Like TBP, both
Pol II isoforms are associated with the noninduced heatthe heat shock genes of Drosophila and human (Rougvie
and Lis, 1988; Brown et al., 1996); it is thus formally shock promoter—and at levels equaling those seen at
the nonrepressed gene—despite a 100-fold reductionpossible that heterochromatin silences HSP82 by caus-
ing the inappropriate pausing of RNA polymerase. On in transcription. The presence of Pol IIoser2 at the hyper-
repressed promoter implies that SIR heterochromatin isthe other hand, since activator-mediated recruitment of
TFIID and Pol II holoenzyme are mechanistically distinct not only permissive to initiation, but also to elongation.
Following heat shock, Pol IIoser2 abundance increasesevents (Ranish et al., 1999), it is possible that SIR is
permissive to TFIID recruitment but not that of Pol II. To several fold, more than that seen for HSF, TBP, or Pol IIa,
but far less than the .500-fold increase in transcription.distinguish between these possibilities, samples were
processed for ChIP analysis using either an antibody Interestingly, the relative abundance of Pol IIa 1 Pol IIo
at the heat-shocked, SIR-repressed promoter is compa-specific for Pol II bearing unphosphorylated heptapep-
tide repeats within the carboxy-terminal domain (CTD) rable to that seen at the heat-shocked euchromatic pro-
moter, when normalized for transcript levels (Figure 6;of its largest subunit or an antibody specific for Pol
II phosphorylated at serine 2 within its heptapeptide see Discussion). This correlation is lost during recovery,
Heterochromatin Is Permissive to PIC Recruitment
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Figure 5. SIR Elicits a Heterochromatin-Spe-
cific Acetylation Profile at the HMRE/HSP82
Promoter and Blocks Chromatin Remodeling
upon Transcriptional Induction
(A) Histone occupancy at five yeast promot-
ers 6 heat shock in sir4D and SIR1 hsp82-2001
strains revealed using antibodies to either
tetra-acetylated histone H4 (AcH4) or unacet-
ylated histone H3 (H3).
(B) SIR repression is accompanied by hypo-
acetylation of nucleosomal histones. Abun-
dance of AcH4 and H3 at HMRE/HSP82 and
HMRa1 under non-heat shock (N), heat shock
(H), and recovery (R) conditions. Bars repre-
sent means 6 SEM for two or three indepen-
dent experiments.
which once again shows a disproportionately high level not heat shock inducible (Figure 5B) and thus presum-
ably not controlled by HSF. While SIR imposes a .500-of Pol II at the heterochromatic promoter. Taken to-
gether, these data indicate that SIR is permissive to fold reduction in transcription of a1, ChIP readily detects
the presence of both TBP and Pol II (Figure 7; see alsothe low level of Pol II recruitment that occurs under
noninducing and recovery conditions, but restricts re- Figures 1B and 1C). We conclude that SIR-induced het-
erochromatin is permissive to the binding of GTFs atcruitment under inducing conditions.
the silent HMR locus, and most likely at all genomic
sites under its control.TBP and Pol II Are Also Efficiently Recruited
to the SIR-Repressed HMRa1 Promoter
Our results indicate that efficient SIR repression of Discussion
HSP82 occurs without impeding the binding of the gene-
specific activator, HSF, and two key general transcrip- SIR Heterochromatin Is Permissive to Activator
Binding and TBP and Pol II Recruitmenttion factors, TBP and Pol II. While a SIR-specific chroma-
tin structure is present at HMRE/HSP82, it is possible In this study, we have investigated the identity of pro-
teins associated with a silenced heat shock gene pro-that the presence of essentially normal levels of GTFs at
the hyperrepressed gene is unique to the HSF-regulated moter. Consistent with earlier work showing that SIR-
dependent silencing of HSP82 is accompanied by thepromoter. This might be the case given that HSF, in
contrast to most activators, is able to function in the formation of a novel nucleoprotein structure (Sekinger
and Gross, 1999), we have found that the hyper-absence of many key PIC components (see, e.g., Lee
and Lis, 1998). To rule out an HSF-specific phenomenon, repressed promoter is uniquely associated with both
hypoacetylated histones and Sir silencing proteins, hall-we measured the occupancy of TBP and Pol II at HMRa1,
a natural target of SIR repression whose promoter is marks of yeast heterochromatin (Braunstein et al., 1993;
Cell
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Figure 7. TBP and Pol II Occupy the SIR-Repressed HMRa1 Pro-
moter
The abundance of TBP, Pol IIa, and Pol IIoser2 within the upstream
region of HMRa1 in isogenic sir4D and SIR1 strains (EAS2001 and
EAS2011, respectively) were determined by ChIP. The means 6
SEM of three independent experiments, internally normalized to the
Figure 6. Both Recruitment- and Elongation-Competent Isoforms nonspecific IP of PHO5, are shown. The sir4D samples are arbitrarily
of Pol II Are Present at the Noninduced, Heterochromatic HMRE/ assigned a value of 1.0.
HSP82 Promoter
ChIP assays were conducted on sonicated, crosslinked chromatin
isolated from isogenic sir4D and SIR1 hsp82-2001 strains subjected (Erkine et al., 1999). Moreover, concomitant with tran-
to the indicated treatments using monoclonal antibodies specific scriptional inactivation, TBP and Pol II levels at the
for either Pol IIa or Pol IIoser2 (8WG16 or H5, respectively). Heat shock
hsp82-DHSE1 promoter are dramatically reduced (30-was for 30 min as abundance of the Pol IIoser2 isoform peaks at
to 50-fold). This provides compelling evidence that thethat time (Patturajan et al., 1998). A summary of three independent
TBP and Pol II binding detected at SIR-repressedexperiments (means 6 SEM, internally normalized to the nonspecific
IP of PHO5) is shown. HMRE/HSP82 and HMRa1 genes is significant and sub-
stantial.
Is occupancy of heterochromatin by activators and
Braunstein et al., 1996; Hecht et al., 1996). Accompa- GTFs a general phenomenon, or is it unique to the si-
nying formation of the heterochromatic structure, tran- lenced heat shock gene? Two observations suggest that
scription is reduced 100-fold. Despite this, three positive it is a highly conserved phenomenon. First, both TBP and
regulators of transcription—HSF, TBP, and Pol II— Pol II remain associated with the SIR-regulated HMRa1
remain associated with the noninduced promoter, and promoter, a natural locus of yeast heterochromatin, de-
at levels which approximate their abundance in the eu- spite .500-fold reduction in transcription. Second, the
chromatic (sir4D) state. This observation strongly argues Sp1 activator remains bound to the hsp70 promoter in
against the current model for SIR repression which pos- silenced human mitotic chromatin (T. Oelgeschla¨ger,
its that the underlying chromatin fiber is rendered inac- personal communication), despite loss of the corre-
cessible to transcription factors by the associated Sir sponding DMS in vivo footprint (Martinez-Balbas et al.,
complex. 1995). We have similarly observed SIR-dependent weak-
A potential concern is that crosslinking of these fac- ening of the DMS footprint at HSE1, yet both DNase I
tors to the HSP82 promoter is adventitious, given that genomic footprinting and ChIP suggest retention of HSF
on the one hand, TBP and Pol II are abundant, globally (Sekinger and Gross, 1999; this study). It is possible
distributed GTFs, and on the other, HSF is capable of that in silenced chromatin, the activator is maintained
cooperatively binding degenerate and distantly spaced in close proximity to the DNA without engaging in its
HSEs (Erkine et al., 1999; Venturi et al., 2000). This con- normal, groove-specific interactions. This could be a
cern is unlikely to underlie our findings for several rea- consequence, for example, of topological changes that
sons. First, the inactive PHO5 promoter, whose pres- occur during condensation of DNA into either mitotic
ence in each ChIP was analyzed simultaneously with chromatin or heterochromatin.
that of HSP82, is bereft of all three proteins. This, in
combination with the near total loss of histones seen at
the induced heat shock promoters, indicates that the SIR Heterochromatin Restricts the Inducible
Binding of Activators and GTFsChIP assay employed is highly specific. Second, hsp82-
DHSE1, an allele lacking the high-affinity HSF binding A second important finding is that while constitutively
associated factors gain access to the hyperrepressedsite, has only 5% as much associated HSF as the WT
promoter. This finding is not only consistent with previ- promoter, their inducibly binding counterparts generally
cannot. This is paradoxical, given that SIR repressesous in vivo footprinting analyses, but it is also in agree-
ment with binding competition assays which have dem- noninduced transcription 100-fold, but induced expres-
sion only 4-fold. A possible explanation is that constitu-onstrated that the affinity of HSF for the hsp82-DHSE1
promoter is only 4% its affinity for the WT promoter tively binding activators such as HSF gain access to the
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DNA during S phase, when chromatin is disassembled state (Pol IIa), whereupon it is phosphorylated and ma-
and reassembled. Indeed, HSF has been shown to bind tures into a productive Pol IIo elongation complex (Lu
nucleosomal DNA exclusively during the S/G2 phase of et al., 1991; Dahmus, 1994). Here we have used mono-
the cell cycle (Venturi et al., 2000). Once bound, HSF clonal antibodies specific for Pol II bearing either the
might then recruit TBP and Pol II to the promoter. Subse- unphosphorylated or serine 2-phosphorylated hepta-
quent maturation of heterochromatin, catalyzed by peptide repeat in ChIPs to address at which level SIR
flanking silencers, could “seal in” the activators and repression works: (i) by blocking Pol II recruitment; (ii)
GTFs, rendering them incapable of carrying out tran- by permitting Pol II recruitment but inhibiting the Pol
scription. The extended genomic footprints detected IIa!Pol IIo transition; or (iii) at a step subsequent to the
previously (Sekinger and Gross, 1999) may reflect these escape of a fully competent elongation complex. Our
“sealed in” factors. Heat shock, resulting in a covalent data suggest that SIR utilizes the latter mechanism,
modification and/or conformational change in HSF (Wu, given that the relative abundance of Pol IIa and Pol IIoser2
1995), could activate the pre-bound HSF to stimulate at the noninduced promoter is virtually identical in sir4D
transcription without recruitment of additional HSF tri- and SIR1 contexts. We have attempted to detect short,
mers. The block to inducible activator and TBP binding, 59-truncated HSP82 transcripts, which might accumu-
while unlikely to be relevant to silencing at the HM loci, late under SIR repression if elongational pausing is oc-
is consistent with earlier accounts of the refractory na- curring, but none $50 nt were seen (see Supplementary
ture of SIR-regulated chromatin (see Introduction). Material below). Thus, if transcription is occurring in a
SIR1 background, the resultant transcripts must either
SIR Heterochromatin: a Static Complex whose be unstable or ,50 nt in length.
Structure and Efficiency of Silencing Is Dictated by The idea that SIR-induced heterochromatin represses
the Local Stoichiometry of Sir Silencing Proteins gene expression at the level of Pol II elongation is ap-
An intriguing observation is the fact that the nucleopro- pealing, for it is consistent with previous evidence that
tein complex assembled at the hyperrepressed gene transcriptional processivity requires a higher threshold
remains substantially unchanged upon heat shock in- of activation synergy than transcriptional initiation (Blair
duction, despite a 400-fold increase in transcription. et al., 1996; Blau et al., 1996). In support of this, the
Positive and negative regulators of transcription co- silent HM loci have been found to be assembled into
occupy the promoter and their local abundance remains arrays of closely spaced nucleosomes; it is likely that
virtually unchanged following heat shock. Neither DNase HSP82 is packaged similarly, although this has not yet
I nor MNase genomic footprints, which together indicate been examined. Such a structure might be expected
that profound SIR-dependent changes in structure take to present a considerable impediment to polymerase
place at the HSP82 promoter, are significantly altered processivity. Nonetheless, heat shock-activated HSF
(Sekinger and Gross, 1999). Similarly, ChIP assays re- overrides SIR repression and we hypothesize that it
veal that the distinctive, heterochromatin-specific his- does so by overcoming elongational pausing. In this
tone acetylation profile at the hyperrepressed promoter regard, the ratio of promoter bound Pol II to HSP82
is not altered by heat shock. Thus, HSF activates the transcript levels is telling. Under noninducing conditions
heterochromatic HSP82 gene independently of histone in a euchromatic context (sir4D), there are z50 tran-
acetylation, in marked contrast to what has been ob- scripts synthesized per “unit” of Pol II (Pol IIa 1 Pol IIo)
served at euchromatic promoters (Kuo et al., 1998; crosslinked. In a SIR1 context, this ratio falls to 0.5. Yet
Krebs et al., 2000) as well as at a heterochromatic, telo- following heat shock, the transcript/Pol II ratio increases
mere-linked gene (de Bruin et al., 2000). to z100, and does so in both sir4D and SIR1 strains.
That HSF is capable of efficiently activating transcrip- These data imply that Pol II, while successfully recruited
tion in the absence of detectable chromatin remodeling
to the noninduced promoter, pauses at an early point
or enhanced recruitment of TBP is especially remarkable
in the elongation process (within the vicinity of the pro-
given the alterations that occur at the activated, euchro-
moter). Following heat shock, additional Pol II is re-matic promoter. These include a dramatic reduction in
cruited and paused molecules are released. The z4-promoter-associated histone H3 and acetylated histone
fold residual repression under inducing conditions mightH4, a doubling in the number of HSF molecules, and an
therefore reflect less efficient recruitment, which in turnorder of magnitude increase each in TBP and Pol II.
might stem from the restriction to HSF binding. DuringHow HSP82 transcription can increase several hundred
recovery, the transcript/Pol II ratio once again significantlyfold in absence of a significant increase in promoter-
differs between sir4D and SIR1 strains (75 versus 1.1).associated TBP and only a 2- to 3-fold increase in Pol
II is perplexing. It is possible that under noninducing
Distinct Mechanisms of Chromatin-Mediatedconditions, normal levels of GTF recruitment results in
Repression at hsp82normal levels of transcription initiation, yet Pol II, despite
In summary, our results provide in vivo evidence thatundergoing the transition to the phosphorylated Pol IIo
SIR controls steps in transcription initiation followingform, is elongationally paused. Following heat shock,
both activator binding and PIC recruitment. It is illumi-elongational pausing might be largely overcome by acti-
nating to contrast SIR repression of hsp82-2001 withvated HSF (see below).
nucleosome-mediated repression of hsp82-DHSE1. In
both cases, basal transcription is reduced z100-fold.SIR Heterochromatin Represses Gene Expression
Yet only at hsp82-DHSE1 are UAS and TATA footprintsat a Point Downstream of Transcription Initiation
eliminated (Gross et al., 1993) and HSF, TBP, and Pol IIIt has been previously shown that Pol II is recruited to
the promoter of an active gene in its unphosphorylated binding to promoter DNA virtually abolished (this study).
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of 1 min at 948C, 3 min at 658C, and 2 min at 728C, ending with aLikewise, two translationally positioned nucleosomes
final 10 min incubation at 728C. PCR products were precipitated,are present at the hsp82-DHSE1 promoter—one map-
electrophoresed on 6% native (TBE) polyacrylamide gels, dried,ping to the UAS and the other, which is also rotationally
exposed to a Phosphor Screen, and quantified on a Storm 860
phased, to the TATA-Inr site (Venturi et al., 2000)— PhosphorImager (Molecular Dynamics) utilizing ImageQuant 1.11
whereas a pair of ill-defined wrapped structures exist software.
To calculate the relative abundance of HSP82 promoter DNA pres-at the hsp82-2001 promoter (Sekinger and Gross, 1999).
ent in an IP, we used the following formula: QHSP82 5 IPHSP82/InputHSP82.Finally, hsp82-DHSE1 is only weakly activated by heat
For most ChIPs, abundance of HSP82 is expressed relative to theshock (to z1% of WT levels), whereas hsp82-2001 is
nonspecific IP control, PHO5, with the QHSP82/QPHO5 quotient for thestrongly activated (to 20%–25% of WT levels). Taken
non-heat-shocked sir4D sample normalized to 1.0. Normalization to
together, these results suggest that chromatin can re- either QACT1 or QHSC82 gave virtually identical results. For Sir2p/Sir3p
press transcription of HSP82 through two very different IPs, abundance of HSP82 promoter DNA was quantified relative to
that of HMRa1 without normalization. Similarly, for histone ChIPs,mechanisms: (i) by positioning stable nucleosomes over
HSP82 promoter abundance was calculated relative to that of PHO5the UAS and TATA-Inr sites, restricting factor access
without normalization.to promoter DNA; or (ii) through formation of a SIR-
dependent heterochromatic structure that acts at a
Northern Analysispoint downstream of activator, TBP, and Pol II binding.
Total cell RNA was isolated from 10 ml aliquots of control, induced,
and recovery cultures used for ChIP assays (removed prior to addi-Experimental Procedures
tion of formaldehyde) and analyzed as previously described (Sek-
inger and Gross, 1999). Probe and hybridization details are providedYeast Strains
in Supplementary Material.Most strains used in this study bear hsp82 alleles flanked by HMRE
silencers. These exist in the following configurations: hsp82-201,
Supplementary Materialtandem silencers integrated at position 2673 (relative to transcrip-
The supplementary material referred to above is available onlinetion start site); hsp82-1001, one silencer integrated at position 2673
(http://www.cell.com/cgi/content/full/105/3/403/DC1).and a second integrated z50 bp 39 of transcription termination site
(12342); and hsp82-2001, tandem silencers integrated at both 2673
and 12342 (a total of four). These alleles are present in isogenic Acknowledgments
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